Observation {#h0.0}
===========

Recently, human norovirus (NoV) infection has been the most commonly identified cause for nonbacterial epidemic gastroenteritis outbreaks in Germany ([@B1]). Epidemic outbreaks of NoV occur in communities, military barracks, cruise ships, hospitals, and assisted living communities ([@B2]). Over 19 million cases of illness in the United States ([@B3]) and 110,000 infections in Germany ([@B1]) are verified by laboratory diagnosis each year. The estimated number of unreported cases is considerably higher. Annually, the costs of health care and lost productivity due to foodborne illness caused by NoV account for approximately \$2 billion in the United States ([@B3]).

Norovirus, a member of the Caliciviridae family, is a single-stranded nonenveloped (positive)-stranded icosahedral RNA virus with a diameter of approximately 35 to 39 nm and a high variability of structural proteins in and around the receptor-binding domain. To date, five NoV genogroups (GI to GV) have been described; viruses of genogroups GI, GII, and GIV are known to infect humans. Of those three genogroups, GII most frequently causes human infections. Currently, genogroup GII contains 17 genotypes. GII.4 is the most widespread genotype and predominates in pandemics and outbreaks ([@B2]).

Person-to-person transmission is of great importance during NoV outbreaks and can lead to a vast number of infected persons. The infective dose of NoV is very low ([@B4]). Furthermore, NoV is extremely stable in the environment, showing resistance to detergent-based cleaning and disinfection with chlorine ([@B5]) and heating to 65°C, freezing, and acidification ([@B6], [@B7]). In addition, the matrix of NoV-containing samples may have protective effects on virus survival in inactivation studies ([@B8], [@B9]). Currently, clinical NoV strains can be obtained only using vomitus or feces. Hence, the search for effective disinfectants is highly complicated by these natural substrates.

As an innovative decontamination technology, cold or nonthermal atmospheric pressure plasma (CAPP) can be applied. Plasma is the fourth state of matter, defined as a partially or completely ionized gas that can be generated by applying an electrical field to an initially electrically neutral gas ([@B10]). The inactivation of the virus particles functions through synergy effects of the cold plasma-initiated air chemistry, which consists of nitric oxide (NO) (including its intermediates, NO radicals, NO^−^, and NO^+^, and adducts, NO~2~, NO~2~^−^, NO~3~^−^, N~2~O~3~, N~2~O~4~, and ONOO^−^) and reactive oxygen species (including ozone, atomic oxygen, singlet oxygen, and oxygen ions, which can have antimicrobial effects). The impact of CAPP on bacteria, some fungi, and yeast was already described by Fridman et al. ([@B11]). However, the effects of CAPP on viruses are relatively unexplored ([@B12]). In the present study, we used a cold atmosphere pressure plasma device (FlatPlaSter 2.0) to investigate the impact of CAPP on a clinically relevant NoV strain.

To our knowledge, this study represents the first direct treatment of a human NoV, GII.4 from stool suspension, with CAPP. Quantitative real-time reverse transcription PCR (RT-qPCR) of serial dilutions of the samples revealed that initial viral load (VL) was approximately 2.4 × 10^7^ virus particles per ml ([Fig. 1](#fig1){ref-type="fig"}). In order to determine the effectiveness of the inactivation of NoV GII.4 by exposure to CAPP, we prepared three different stool dilutions. The quantities of NoV were determined as cycle threshold (*C~T~*) values using RT-qPCR ([@B13]) and subsequently converted into genomic equivalents.

![Standard curve of the norovirus quantification assay.](mbo0011521320001){#fig1}

We found that increased plasma treatment times led to decreased copy numbers of NoV. In this case, we show log reduction compared to the nontreated sample ([Fig. 2](#fig2){ref-type="fig"}; see also [Table S2](#tabS2){ref-type="supplementary-material"} in the supplemental material). Depending upon the initial viral load, we observed a reduction of up to 1.69 log~10~ after CAPP treatment (*P* \< 0.05). Lower dilutions of the initial stool suspension led to initial starting quantities of 2.36 × 10^4^ genomic equivalents/ml. Here, a statistically significant reduction of virus particles was shown only after exposure to CAPP for 10 and 15 min, which caused 1.23 log~10~ and 1.69 log~10~ decreases compared with the control, respectively (*P* \< 0.01). In contrast, CAPP treatment of lower starting quantities (subsequent dilutions of the stool suspension) of 1.1 × 10^3^ genomic equivalents/ml and 3.67 × 10^1^ genomic equivalents/ml reduced viral load by at least 10-fold after CAPP exposure for 2 min and 1 min, respectively (*P* \< 0.05). Hence, viral load and matrix effects (feces and phosphate-buffered saline \[PBS\] solution) may influence the effect that CAPP treatment has on NoV particles. Similarly to this study, Li et al. ([@B14]) used PBS-diluted fecal suspension to test heat inactivation of noroviruses. The authors indicated that the stool could have complex components which may have protective effects during heat treatment of NoV. It is already known that the matrix of NoV suspension in principle could have protective effects on virus survival, as seen in other inactivation experiments for bacteria and viruses ([@B8], [@B9]). However, another study reports that the presence of added serum and stool from a NoV-positive sample did not adversely affect the reduction of feline calicivirus (FCV) by treatment with ozone gas ([@B15]). This leads to the conclusion that effective NoV inactivation is affected by matrix effects as well as the disinfection method used.

![Effect of treatment time and sample dilution on norovirus viral load after CAPP treatment. The viral load (VL) after exposure to CAPP was defined as VL = log~10~(*N~t~*/*N*~0~), where *N~t~* represents the noroviral load after a session of CAPP treatment and *N*~0~ is the initial viral load. Results for the inactivation of norovirus are expressed in logarithmic units (log~10~ cycle): ●, dilution −2, initial starting quantity of 2.36 × 10^4^ genomic equivalents/ml dilution; ▲, dilution −3, initial starting quantity of 1.10 × 10^3^ genomic equivalents/ml dilution; ■, dilution −4, initial starting quantity of 3.67 × 10^1^ genomic equivalents/ml.](mbo0011521320002){#fig2}

Pooling of all samples treated with the same treatment time regardless of the previous dilution showed a statistically significant reduction for all treatment times compared to the untreated control (*P* \< 0.01). Hence, the significance was not always shown for the unpooled samples. The reduction of approximately 10-fold occurred after CAPP application for at least 2 min (*P* \< 0.001). Similar results were obtained by Hudson et al. ([@B15]), who evaluated the ability of ozone gas to inactivate NoV and FCV. These authors found that ozone treatment reduced the viral load by approximately 1.2 log~10~ steps for human NoV. The authors reported even greater reduction for FCV, as estimated by RT-qPCR (approximately 1.6-log~10~ step reduction) and plaque assays (approximately 1.8-log~10~ step reduction). Sánchez et al. ([@B16]) tested the ability of high-hydrostatic-pressure processing (HPP) to inactivate murine NoV-1 (MNV) and NoV GII.4. HPP treatment with 450 MPa for 15 min was sufficient to inactivate 6.5 log~10~ steps of MNV determined in culture medium. However, HPP treatments reduced numbers of NoV by \<0.5 log~10~ units detected by RT-qPCR, regardless of the length of exposure time. Taken together, the results from our study and others suggest that NoV and related viruses vary in their susceptibility to disinfectant methods, but the CAPP treatment reduced the viral load by at least 10-fold.

It is obvious that this RT-qPCR assay has limitations, as it does not give any indication with respect to the viability and infectivity of the residual viral RNA ([@B5]). The lack of cell culture methods or suitable laboratory animals, and consequently the inability to replicate the virus *in vitro* for infectivity assays, is a limitation. RT-qPCR does not measure infectivity *per se* but rather a defined short sequence of the viral genome which could be more resistant to inactivation trials than infectivity. Thus, the decline of infectivity observed using an RT-qPCR assay could be underestimated due to possible alterations in capsid function that remain RNase resistant but have lost infectivity ([@B15]).

Attempts to replicate human NoV have been made ([@B17]), but with no success to date. RT-qPCR is the most sensitive and specific method for the detection of NoV ([@B13]), but evaluation of infectivity can be made only with volunteer studies ([@B18]). The heating of samples for 10 min at 95°C as negative controls led to only modest inactivation rates when RNase digestion was not carried out prior to elution. The digestion of free RNA after heat treatment led to undetectable amounts of NoV (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). The digestion of free RNA after treatment was shown to be a suitable model to study the inactivation of virus particles without cell culture ([@B8]) and therefore enables a cautious but robust estimation for the comparison of different genogroups and genotypes. The RNase assay used in our study was validated using dilutions of a NoV GII.4-positive fecal sample after long-term storage showing good differentiation between total viral RNA and disrupted viral particles after treatment, such as heating (see [Table S1](#tabS1){ref-type="supplementary-material"}). This tool is essential because of high antigenic variability of certain strains, which leads to their persistence in human populations ([@B19]).

The majority of chemical disinfection studies and studies on processing interventions have been carried out using FCV and murine NoV-1 (MNV), which are cultivable viruses that belong to the family Caliciviridae with single-stranded RNA (ssRNA), as surrogates for NoV ([@B15], [@B16]). However, the susceptibility of FCV and MNV to different treatments varies considerably. Furthermore, NoV strains or genogroups differ from each other in their susceptibility to disinfecting treatments ([@B20]). Therefore, we agree with Richards ([@B18]) that FCV and MCV are poor surrogates for human NoV, particularly with regard to inactivation studies. For outbreak control, a rapid reaction is essential, to avoid spreading and cross-contamination by the virus. Regular cleaning and disinfection are effective but need time and preparation of the surfaces. To date, only the use of sodium hypochlorite as a chemical disinfectant allows a significant inactivation of human NoV strain GII on stainless steel ([@B9]). Because sodium hypochlorite treatment may leave residual chemicals, the effective inactivation of NoV using CAPP seems to be an attractive alternative, particularly in food production and health care settings. With CAPP application, an immediate decontamination can be achieved. The reduction of the NoV load by 1- to 2-log~10~ genomic equivalents/ml decreases the probability of infection of humans significantly ([@B4]). In addition, the application of CAPP as a preventive measure (continuous application on high-risk surfaces) can help to avoid outbreaks in mass catering facilities. Therefore, even a reduction lower than the virus safety step defined as a 4-log reduction has its value in immediate outbreak control or as a preventive measure.

The use of native outbreak samples in this study simulates the complicated *in vivo* conditions and the challenges of hygiene and disinfection that are necessary to interrupt the chain of infection and prevent outbreaks. The first studies on the use of CAPP showed an effect not only on surfaces but also on tissues. Despite a concern for potential mutagenicity of human tissues after plasma treatment, excised human skin showed no significant increase in the number of DNA double-strand breaks subsequent to CAPP treatment ([@B21]). Thus, CAPP treatment not only might overcome food matrix effects but also might enable an additional approach for preventive measures in outbreak situations. In practical application, a handheld device that can be used to disinfect different surfaces (worktop, handle, and tablet) as well as a plasma box for hands and requisites is conceivable. In future studies, we will test the disinfection properties on additional surfaces and NoV genotypes and examine the virus capsid structure before and after CAPP treatment.

Conclusions. {#s0.1}
------------

In summary, this is a comprehensive study on the impact of CAPP treatment on human norovirus GII.4. The results showed that CAPP treatment reduced significantly the viral load of NoV; however, the initial viral load may influence the efficacy of CAPP treatment. Thus, regardless of previous dilutions, a significant reduction of approximately 1 log~10~ step after CAPP treatment of at least 2 min was possible. The RT-qPCR assay has limitations. For example, this assay only detects and quantifies the amount of viral RNA; it does not estimate the viability or infectivity of intact viral particles. The use of an RNase pretreatment helps to control for disrupted viral particles and improves the estimations. CAPP treatment effectively reduced the amount of a clinically relevant outbreak strain, NoV II.4, without any chemical residues.

Strain and samples. {#s0.2}
-------------------

The fecal sample used as a NoV source was derived from a NoV outbreak in a German military facility. During October 2011, 27 soldiers fell ill in a suspected foodborne outbreak with gastrointestinal symptoms (nausea, diarrhea, and circulatory disorders). The microbiological investigation of served meals did not detect bacterial pathogens or toxins responsible for the outbreak. NoV genotype GII.4 was detected from stool samples using quantitative real-time reverse transcription PCR (RT-qPCR) ([@B13]) and confirmed by sequencing and typing ([@B22]). Sequence typing confirmed that NoV GII.4, a variant first discovered in New Orleans in 2009, was the causative agent of disease. This NoV strain was very similar to an outbreak strain from 2011 which was detected during a nosocomial outbreak in a military hospital. Further, GII.4 is the most common strain in Europe. Other relevant enteropathogens (Salmonella, Shigella, Yersinia, Campylobacter, enterohemorrhagic *Escherichia coli* \[EHEC\], Clostridium perfringens, Bacillus cereus, rotavirus \[RotaV\], and adenovirus \[AdenoV\]) as well as staphylococcal enterotoxins were excluded based on cultural or molecular methods. Viral load was estimated according to most probable number (MPN). MPN is a statistical tool that determines the most probable number of microorganisms based on the proportion of virus-positive samples to the total number of samples after serial decimal dilutions. For this study, the concentration of viruses was calculated from the positive/negative results of RT-qPCR. This method is used widely in some fields of microbiological research, including those on norovirus ([@B23]). Briefly, the NoV-positive sample was diluted with Dulbecco's PBS without Ca^2+^ (Biochrom AG, Berlin, Germany) by a series of decimal dilutions. After extraction of nucleic acids, each dilution was subjected to RT-qPCR in triplicate as described below. RT-qPCR was performed on subsequent dilutions until all three tubes were virus negative. The number of viral particles was calculated due to *C~T~* values after RT-qPCR, including the adjustment of the volume used for detection ([@B23]).

For exposure experiments, the stool sample was diluted with Dulbecco's phosphate-buffered saline (PBS) without Ca^2+^ (Biochrom AG, Berlin, Germany), such that approximately 10^2^, 10^3^, and 10^4^ virus particles were spotted in a 100-µl total volume on a sterile petri dish. Samples were dried for 30 to 45 min at ambient temperature (23 to 24°C). Once dry, the samples were exposed to cold plasma for 0.5, 1, 2, 3, 4, 5, 10, or 15 min. Each run included four controls as follows: the RNase-untreated, unheated sample representing the initial viral load showed total NoV RNA; the RNase-untreated, heated sample showed detectable free RNA after virus destruction; the RNase-treated, unheated sample (as positive control); and the RNase-treated, heated sample confirmed effective RNase activity after complete virus destruction. Heat treatment was performed at 95°C for 10 min on each dilution prior to spotting on a sterile petri dish. CAPP-treated samples were subsequently handled using the same protocol as that described for the controls. Norovirus counts below the detection limit (cycle threshold \[*C~T~*\], 40) were integrated with 0.1 log~10~ in the calculation. Generally, the viral load (VL) after exposure to CAPP was defined as VL = log~10~(*N~t~*/*N*~0~), where *N~t~* represents the noroviral load after a session of CAPP treatment and *N*~0~ is the initial viral load. Results for the inactivation of norovirus are expressed in logarithmic units (log~10~ cycle). Each experiment was performed in triplicate.

Plasma dispenser. {#s0.3}
-----------------

In this study, a cold atmosphere pressure plasma device (FlatPlaSter 2.0) based on a surface microdischarge (SMD) technology was used. Details of the device can be found in the publication by Klämpfl et al. ([@B24]). The plasma dispenser which was used for this experiment is presented in [Fig. S1a](#figS1a){ref-type="supplementary-material"} in the supplemental material. The housing box (polyoxymethylene copolymer; Goodfellow) of the dispenser has dimensions of 15 cm by 9 cm by 20 cm, and it is designed to confine the plasma gas for laboratory tests only. The SMD electrode consisted of a three-layer structure: a copper plate as the high-voltage (HV) electrode, a stainless steel mesh (6 per inch) with a wire diameter of 0.5 mm as the grounded electrode, and an 0.5-mm Teflon sheet in between as the dielectric material. The SMD electrode was mounted at the upper part of the housing box (see [Fig. S1a](#figS1a){ref-type="supplementary-material"}). For plasma generation, the sinusoidal signal from a Voltcraft 8202 function generator was amplified by a Trek PM4015 HV amplifier before application to the HV electrode of the plasma dispenser. The peak-to-peak voltage and frequency were measured at 8.5 kV and 1 kHz, respectively, using a Tektronix TDS 2024B oscilloscope. The power consumption of the plasma discharge was approximately 30 mW/cm^2^, which was estimated using the Lissajous figure method. Plasma, which can be seen as a purple glow when the plasma dispenser is operated in an ambient-air environment (see [Fig. S1b](#figS1b){ref-type="supplementary-material"}), was produced on the mesh electrode side. For a practical application onto a surface, the SMD electrode can be used without the housing box, so that it can be held by hand to apply the surface treatment. In that case, the electric power supply unit can be integrated into the SMD electrode. This concept for application is shown in [Fig. S1c](#figS1c){ref-type="supplementary-material"} in the supplemental material.

Prepared samples were placed inside the plasma dispenser. The distance from the mesh electrode, where the plasma was produced, to the sample surface was approximately 3 mm. Plasma treatment was conducted under ambient conditions; the room temperature and relative humidity were 23.5°C and 40%, respectively.

Virus recovery, RNA extraction, and detection. {#s0.4}
----------------------------------------------

After exposure to cold plasma, the samples were processed according to the method of Scherer et al. ([@B25]). Briefly, the samples were moistened using nylon-flocked swabs (Copan Flock Technologies, Brescia, Italy). The virus-containing swabs were incubated at 56°C in 550 µl ATL buffer (Qiagen, Hilden, Germany) for 15 min at 1,000 rpm in a stirrer (Thermomixer; Eppendorf, Wesseling-Berzdorf, Germany). In order to digest free RNA from destroyed virus particles, 0.035 µl RNase A (concentrated solution, 7,000 U/ml, added in working dilution; Qiagen, Hilden, Germany) was added and incubated for 60 min at 37°C at 500 rpm. RNase digestion was subsequently stopped with 0.33 µl RNase inhibitor (2,000 U/ml; Qiagen) for 30 min at room temperature. RNA from intact virus particles was eluted automatically on the QIASymphony (protocol Complex_200_default_IC, virus/bacterium kit; Qiagen), according to the instructions of the manufacturer with addition of carrier RNA. The eluates were evaluated for the presence of NoV GII using RT-qPCR ([@B13]).

Statistical analysis. {#s0.5}
---------------------

The aim of this study was to explore correlation between the CAPP treatment time and the NoV concentration. Based on the initial viral concentration estimates, the *C~T~* values produced by RT-qPCR were converted to the corresponding genomic equivalents for further calculations. Samples with *C~T~* values less than 41 and a sigmoidal amplification plot were considered suitable for analysis. The level of significance of the study was set at α = 0.05. The level of *P* was adjusted using the Bonferroni correction to account for multiple comparisons. Genomic equivalents were transformed into log values. Means and standard deviations were calculated with the PROC UNIVARIATE function. Analysis of variance for repeated measurement was performed to determine variations in genomic equivalents among control samples and samples exposed to plasma with different treatment times Student's *t* test was used to determine significance. Data were processed with Excel (Microsoft) and analyzed statistically with SAS Enterprise guide version 4.3 (Statistic Analyzing Systems; SAS Institute Inc., Cary, NC, USA). Furthermore, to boost the statistical power of the tests, we pooled all samples treated with identical treatment times regardless of previous dilution steps.
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Plasma dispenser used for the norovirus treatment. The electric connections are in the back of the housing box, and NoV samples were put into the plasma box from the front opening. The lid was closed during the plasma treatment. Download

###### 

Figure S1a, TIF file, 2.7 MB

###### 

Image of the plasma box with cold plasma switched on. The purple glow is the emission from cold plasma. Download
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Figure S1b, TIF file, 0.8 MB
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Concept for practical application: the SMD electrode held by hand. In practical application, the cold plasma electrode can be designed as a handheld device so that it can be easily applied to different surfaces. Download
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Figure S1c, TIF file, 1.7 MB
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RNase digestion of free RNA for discrimination between destroyed and intact norovirus after heat treatment (data given as log~10~ values); n.d., not done; -, negative.
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Table S1, DOCX file, 0.01 MB.

###### 

Effect of treatment time and sample dilution on norovirus viral load after CAPP treatment (data given as log~10~ values); n.d., not done.

###### 

Table S2, PDF file, 0.01 MB.
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